Flavodoxins are classified in two groups according to the presence or absence of a ϳ20-residue loop of unknown function. In the accompanying paper (36), we have shown that the differentiating loop from the longchain Anabaena PCC 7119 flavodoxin is a peripheral structural element that can be removed without preventing the proper folding of the apoprotein. Here we investigate the role played by the loop in the stability and folding mechanism of flavodoxin by comparing the equilibrium and kinetic behavior of the full-length protein with that of loop-lacking, shortened variants. We show that, when the loop is removed, the three-state equilibrium thermal unfolding of apoflavodoxin becomes two-state. Thus, the loop is responsible for the complexity shown by long-chain apoflavodoxins toward thermal denaturation. As for the folding reaction, both shortened and wild type apoflavodoxins display threestate behavior but their folding mechanisms clearly differ. Whereas the full-length protein populates an essentially off-pathway transient intermediate, the additional state observed in the folding of the shortened variant analyzed seems to be simply an alternative native conformation. This finding suggests that the long loop may also be responsible for the accumulation of the kinetic intermediate observed in the full-length protein. Most revealing, however, is that the influence of the loop on the overall conformational stability of apoflavodoxin is quite low and the natively folded shortened variant ⌬(120 -139) is almost as stable as the wild type protein.
The flavodoxins are well known electron transfer proteins involved in both photosynthetic and non-photosynthetic reactions that carry a non-covalently bound FMN molecule as a redox center (1, 2) . Given their key biological function and a series of practical facts (i.e. they were among the first proteins for which x-ray structures became available (3, 4) , their purification in the pre-recombinant era was relatively easy, and they are reasonably stable to handle), flavodoxins were soon found to be convenient models to investigate electron transfer and molecular recognition (1, 2) and, more recently, protein stability (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) and folding (18 -21) . Based on molecular weight and sequence comparisons, they were divided in two families: short-chain and long-chain flavodoxins (the latter containing an extra ϳ20-residue segment, subsequently shown in Refs. 22 and 23 to form a loop in the folded protein, as highlighted in Fig. 1 of our accompanying article (36) ). Despite the wealth of structural and functional information available for several flavodoxins of either family, it is still unclear whether the differentiating loop plays a structural or a functional role in the long-chain flavodoxins. In our accompanying work (36), we study two shortened loop-lacking apoflavodoxin variants of the Anabaena long-chain flavodoxin and show that the loop is not required for a proper folding of the polypeptide chain. In this work, we focus on the contribution of the differentiating loop to protein stability and to the folding mechanism.
The conformational stability and/or folding kinetics of three short apoflavodoxins (two different strains of Desulfovibrio desulfuricans (13, 20) and Desulfovibrio vulgaris (18) ) and two long ones (Azotobacter vinelandii (14 -17) and Anabaena PCC 7119 (5) (6) (7) (8) (9) (10) (11) (12) 21) ) have been reported. The available data, which have not always been gathered under the same conditions for the different proteins, suggest (but do not prove) that the long flavodoxins could display a more complex equilibrium and folding behavior than the short ones. Here we compare the chemical and thermal stability of a well folded shortened apoflavodoxin (⌬(120 -139) lacking the long loop) with that of the full-length Anabaena wild type one and show that the loop is essential for the formation of the previously characterized equilibrium intermediate of the thermal unfolding (8) . In addition, we find that the loop is also related to the occurrence of the kinetic intermediate observed in the folding of the wild type protein (21) . Thus, the loop adds complexity to both the equilibrium and the folding behavior of the Anabaena long-chain flavodoxin. Despite these effects, we notice that the shortened protein is almost as stable as the full-length one, which means that the loop plays no significant role in the stabilization of the long-chain apoflavodoxin. The fact that the loop is neither required for a proper folding of the protein (36) nor for significantly increasing its conformational stability indicates that it does not perform any structural role and suggests that instead it could be involved in a currently unknown function, which we propose might be related to the recognition of flavodoxin partner proteins.
MATERIALS AND METHODS
Site-directed Mutagenesis: Protein Expression; Purification; and Quantitation-The methods used to prepare and quantify the shortened apoflavodoxins studied in this work are described by us (36) in the accompanying paper. The ⌬(119 -139)-shortened variant is close to being natively folded but is somewhat expanded. The ⌬(120 -139) variant is natively folded. In the two variants, the 5a and 5b ␤-strands have been spliced and the characteristic long loop of long-chain flavodoxins has thus been removed. The stability of the shortened variants (that lack the Trp 120 residue, important for the fluorescence and CD spectroscopic properties of wild type apoflavodoxin) is compared with that of the W120F Anabaena flavodoxin single mutant throughout this work. The W120F mutant is termed pseudo wild type (pWT).
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Urea Denaturation-Denaturing samples of different urea concentrations were prepared in 5 mM sodium phosphate, pH 7.0. Unfolding curves were obtained from the fluorescence emission of the samples at 320 nm (excitation at 280 nm) and from circular dichroism at 222 nm. The data were analyzed assuming a two-state equilibrium and a linear relationship between free energy and urea concentration (24) using Equation 1,
where S is the observed signal, S F and S U are the signals of the folded and unfolded states (m F and m U are slopes that describe their dependences with denaturant concentration), ⌬G w is the Gibbs energy difference between the folded and unfolded states in the absence of denaturant, D is the concentration of denaturant (urea), and m the slope of the linear dependence of ⌬G on D. Thermal Denaturation-Thermal unfolding was followed by fluorescence emission (320/360 nm ratio; excitation at 280 nm) and by CD at 222 and 291 nm. The temperature was increased from 277.2 to 358.2 K at ϳ1 K/min in a sealed cuvette and was measured with a thermocouple immersed in the cuvette. The buffer was 5 mM sodium phosphate, pH 7, or, when indicated, 50 mM MOPS, pH 7.0. The unfolding curves were analyzed using Equation 2 (25, 26) ,
where S is the spectroscopic signal, S F and S U the signals of the folded and unfolded states (m F and m U are slopes that describe their dependences with temperature), T m is the transition temperature, and ⌬H and ⌬C p are the enthalpy and specific heat of denaturation at T m , respectively. Differential Scanning Calorimetry (DSC) Measurements-DSC was performed using a DASM-4 microcalorimeter with digital control (cell volume 0.47 ml) at heating rates from 0.5 to 2 K/min and protein concentration in the range of 1.0 -4.0 mg/ml. An extra pressure of 1.5 atm was maintained to prevent degassing of the solutions on heating. Each sample was extensively dialyzed against the buffer before measurement. The instrumental base line was routinely recorded before or after each experiment with both cells filled with buffer and was subtracted from the scan obtained with the sample. Reversibility of the unfolding was checked by sample reheating after cooling inside the calorimetric cell and by the independence of the thermograms on the scan rate. The analysis of DSC data was performed as described previously (27) 
where C p in is the chemical or "internal" heat capacity of the protein in solution, C p ex is the excess heat capacity of the unfolding reaction, C p,0 is the heat capacity of the protein in the native state, and ⌬C p is the overall heat capacity change during the denaturation reaction. The values of ⌬G°(T), ⌬H(T), and ⌬S(T) for the reversible two-state transition were calculated using Equations 4 -6,
where T m is the mid-denaturation temperature, and ⌬C p was assumed to be independent of temperature. Some of the experiments were additionally performed using a VP-DSC calorimeter from Microcal (Northhampton, MA) and were analyzed assuming a linear dependence of the heat capacities of the native and unfolded states. Stopped-flow Kinetics of Unfolding and Refolding-Stopped-flow kinetics of ⌬(120 -139) urea unfolding and refolding were carried out in an Applied Photophysics stopped-flow instrument. In the unfolding experiments, one volume of the protein (22 M in 5 mM sodium phosphate buffer, pH 7.0) was mixed with 10 volumes of denaturant (urea at different concentrations in 5 mM sodium phosphate, pH 7.0). In the refolding experiments, one volume of the protein (22 M in 5 mM sodium phosphate, pH 7, containing urea 4 M) was mixed with 10 volumes of urea at different concentrations in the same buffer. The time dependence of the change in fluorescence emission at wavelength Ͼ335 nm was recorded after excitation at 280 nm. Experimental relaxation rates and amplitudes were globally fitted as described for wild-type apoflavodoxin (21) to the equations derived for all of the possible kinetic models of a three-state system.
Statistical Analysis-To determine the statistical significance of the differences observed among the proteins studied, the equilibrium unfolding data were analyzed by paired Student's t tests, ANOVA, MANOVA, and correlation procedures using SPSS for Windows, release 10.0.6.
RESULTS
Equilibrium Urea Denaturation of ⌬(119 -139)-and ⌬(120 -139)-shortened Apoflavodoxins-The conformational stability of ⌬(119 -139) and ⌬(120 -139) has been determined by urea denaturation monitored by fluorescence and far-UV CD. Both shortened flavodoxins refold after unfolding in a fully reversible manner (data not shown). In addition, the unfolding equilibrium is protein concentration-independent in the 1-10 M range and shows the same urea dependence when monitored by fluorescence or by far-UV CD (see Fig. 1 ), which strongly suggests that it is a two-state process. The unfolding curves have thus been fitted to Equation 1, and the parameters obtained (⌬G w , m and U1 ⁄2 ) are reported in Table I . The two shortened apoflavodoxins have significantly different ⌬G w values, and they are only slightly (although statistically significantly) less stable than the pWT protein (by ϳ3.0 and 5.5 kJ mol Ϫ1 ). The m-slope values of the shortened apoflavodoxins are significantly smaller than those of pWT, as it is expected for smaller proteins since the m-values are related with the amount of protein surface exposed to solvent upon unfolding. The slightly expanded ⌬(119 -139) variant unfolds at a lower urea concentration, and therefore, it is less stable than the natively folded ⌬(120 -139) (see López-Llano et al. (36) for structural details of the two variants).
Thermal Denaturation of ⌬(119 -139)-and ⌬(120 -139)-shortened Apoflavodoxins-The thermal denaturation of the two shortened flavodoxins is also reversible (data not shown) and has been studied by fluorescence and circular dichroism in the far-UV ( Figs. 2A and 3 ). In addition, the thermal unfolding of ⌬(120 -139) has also been studied by near-UV absorbance and near-UV CD (Fig. 2B) . Two different buffer conditions have been used: 5 mM sodium phosphate and 50 mM MOPS. The unfolding curves have been fitted to a two-state model (Equation 2) to obtain T m and ⌬H(T m ) values that are reported in Table II . Spectroscopically determined ⌬C p values usually display large errors (24) and are not reported. The thermal denaturation of the pWT protein, previously analyzed in 50 mM MOPS buffer (8, 9) , has now been analyzed in 5 mM sodium phosphate to compare its stability with that of the shortened apoflavodoxins (Table II) . For each of the three proteins, there are not statistically significant differences among the T m and ⌬H values obtained with the different techniques used, which implies that each protein unfolds in a two-state manner in 5 mM phosphate buffer. In addition, there is not statistically significant differences between the temperature of mid-denaturation and the unfolding enthalpies of the natively folded ⌬(120 -139) and of pWT, whereas ⌬(119 -139) is significantly less stable (as previously observed in urea denaturation). We notice that the two-state unfolding of pWT in 5 mM phosphate buffer is in contrast with the three-state unfolding in 50 mM MOPS shown by pWT (8) and by over 30 full-length apoflavodoxin mutants previously analyzed in the laboratory (data not shown). To investigate a possible role of the long loop in the accumulation of the thermal intermediate that is observed in MOPS buffer for the wild type protein, we have determined the thermal unfolding curves of natively folded ⌬(120 -139) in 50 mM MOPS. In addition, we have reexamined the unfolding of the pWT in MOPS buffer. Our data indicate (Table II) that the unfolding of the shortened protein in 50 mM MOPS buffer is also two-state and confirms our previous report that, in contrast, the pWT thermal unfolding in this buffer is three-state as shown by the significantly different T m (p Ͻ 0.05) values obtained from the near-UV CD curve compared with the T m values derived from the other techniques (we notice that the near-UV CD and the absorbance curves are obtained simultaneously from a single unfolding experiment). The long differentiating flavodoxin loop, absent in ⌬(120 -139), is thus essential for the accumulation of the apoflavodoxin thermal intermediate.
Calorimetry of ⌬(119 -139)-and ⌬(120 -139)-shortened
Apoflavodoxins-A calorimetric study of the truncated flavodoxins has been carried out to determine ⌬C p . Under equilibrium conditions indicated by the independence of the thermograms on the scan rate, single reversible (to ϳ85-90%) endothermic peaks were obtained for either of the two variants (Fig. 4) . The van't Hoff enthalpy change of denaturation at T m (⌬H vH ) has been calculated for the two shortened variants under several pH and ionic strength conditions using Equation 7 ,
where ⌬H m is the calorimetric enthalpy and C pm is the maximum excess heat capacity relative to the base line at the transition temperature. The mean value of the cooperative index, , defined as ⌬H vH /⌬H m , is found at 0.98 Ϯ 0.2 for both variants, which suggests their thermal unfolding is two-state. Nevertheless, since wild type apoflavodoxin and many fulllength mutants thereof populate an equilibrium intermediate in the thermal unfolding under certain solution conditions, we have performed alternative three-state fittings of the thermal transitions as previously described (8) . The three-state fittings for the shortened apoflavodoxins are not significantly better that the two-state fittings (data not shown), which agrees with the two-state behavior observed in the spectroscopically monitored thermal unfolding. As reported for the wild type protein (5), the thermograms of the shortened variants hardly change from pH 6.0 to 8.0 (data not shown); therefore, we will only report the data obtained at pH 7.0. At this pH, the observed T m and ⌬H m of the slightly expanded ⌬(119 -139) are, as expected, somewhat lower than those of ⌬(120 -139) (see Table III ). Both the T m and ⌬H m of the two variants increase as the concentration of KCl is raised (Table III) 
the stabilities at 298.2 K of ⌬(120 -139) and ⌬(119 -139) are calculated at 12.7 and 7.8 kJ mol Ϫ1 , respectively, which agrees fairly well with the data derived from the urea denaturation experiments (Table I) (12)). The stabilization induced by KCl is similar to that observed for the full-length protein (12) , in agreement with the fact that the removal of the loop does not alter the net charge of the protein.
Kinetics of Unfolding and Refolding of ⌬(120 -139)-shortened
Apoflavodoxin-As reported of the wild-type protein (21), the unfolding and refolding kinetics of ⌬(120 -139) are biphasic, i.e. the data can be fitted to double exponential rate equations (data not shown). The chevron plots of the observed rate constants associated to both the fast and slow kinetic phases are quite symmetrical with the minima located around the urea concentration of mid-denaturation (Fig. 5) , and the relative amplitudes of the two phases vary with urea concentration in both unfolding and refolding. Since, according to the amplitude values obtained, the entire refolding of the protein was observed, discriminating between different three-state models is possible. Thus, the whole data set of observed rate constants and amplitudes at the different urea concentrations has been globally fitted to the equations of several kinetic models. We have considered all of the possible three-state mechanisms (both linear and triangular; see Fig. 1 in Ref. 21) , and the unequivocally best global fitting (R 2 ϭ 0.935) is obtained with a triangular model displaying two interconverting native states that are populated at low denaturant concentrations (Fig. 5A) . For this mechanism, the equations of the relaxation rates ( 1 and 2 ) and reduced amplitudes (normalized between 0 and 1 as described previously (21) vodoxin Stability and in the Stability of the Equilibrium Intermediate-The conformational stability of the apoflavodoxins of several species has been investigated, and it seems to be generally low (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . As for the stability of the holoform (carrying the FMN cofactor), there have been divergent reports pointing to either a significant or a rather marginal stabilization imparted by the presence of the prosthetic group (13, 18) . In this work, we use the Anabaena model to investigate the role played by the long loop characteristic of long-chain flavodoxins on the stability of the apoprotein. To that end, the stability of two shortened apoflavodoxins variants, ⌬(119 -139) and ⌬(120 -139), has been studied by both urea and thermal denaturation. In the accompanying paper (36), we have shown that one of these variants, ⌬(120 -139), displays a native structure, whereas the other one, ⌬(119 -139), is close to being natively folded but presents local unfolding, possibly in a ␣-helical region. According to our analysis, the urea denaturation of either variant is fully reversible, protein concentration-independent, and can be fitted to a two-state model as indicated by the superposition of the fluorescence and far-UV CD urea-unfolding curves (Fig. 1) . Thus, both variants behave in this respect similarly to wild type apoflavodoxin and to the many single mutants thereof that have been previously analyzed in our laboratory, including the W120F mutant (pWT) that has been used as a reference throughout this work. As for the overall conformational stability, the two shortened apoflavodoxins lacking the long loop are less stable than the pWT full-length protein, although the difference (ϳ3.0 kJ mol Ϫ1 for ⌬(120 -139) and 5.5 kJ mol Ϫ1 for ⌬(119 -139)) is quite small, especially for the natively folded ⌬(120 -139). This is quite revealing, because it agrees very well with the peripheral structural role of the long loop removed, which has been illustrated in the accompanying paper (36) . The loop is not essential for a proper folding of the protein and does not impart a significant stabilization (a 3-kJ mol Ϫ1 stabilization can be so easily obtained from simple point mutations that does not justify the presence of a 20-residue loop in a protein). The locally expanded ⌬(119 -139) apoflavodoxin is ϳ2.5 kJ mol Ϫ1 less stable than ⌬(120 -139), consistent with its observed small departure from the native state. The cooperative unfolding of ⌬(119 -139) illustrates that protein conformations of low stability may still behave in a highly cooperative manner toward unfolding, as previously demonstrated by the analysis of an even less structured molten globule apoflavodoxin fragment (11) .
The unfolding of the shortened flavodoxins has also been studied by thermal denaturation. The spectroscopically monitored thermal unfolding has been performed in two different buffer conditions. We have initially used 5 mM sodium phosphate, which was the buffer previously used to characterize a flavodoxin fragment deprived from the C-terminal helix (11) . Our data in Table II indicate that, in this buffer, ⌬(119 -139) is less stable than both pWT and ⌬(120 -139) by 4 -5°and that its enthalpy of unfolding is significantly smaller. Interestingly, all of the thermal unfolding curves gathered for the three proteins give within each protein the same T m s, which indicates that the thermal unfolding of pWT and that of its shortened versions is two-state in this buffer. This is in clear contrast with the behavior of both wild type and pWT in 50 mM MOPS (8, 9) and indicates that small differences in ionic strength and/or sodium concentration can significantly modify the population of the thermal intermediate of the pWT protein. Although this fact is not too surprising given the complex dependence of apoflavodoxin stability on ionic strength and cation concentration (12) , especially at low ionic strength and low cation concentration, it has prompted us to examine whether the shortened apoflavodoxins do populate a thermal unfolding intermediate at all at the higher ionic strength and sodium concentration provided by the 50 mM MOPS buffer where WT apoflavodoxin and all of the single mutants thereof so far analyzed (including pWT) do display a thermal unfolding intermediate. To that end, we followed the thermal unfolding of ⌬(120 -139) in 50 mM MOPS buffer by fluorescence, near-and far-UV CD, and absorbance (Table II) and all of the techniques gave essentially the same T m , which means that the shortened apoflavodoxin no longer populates a thermal unfolding equilibrium intermedi- ate. In contrast, the pWT protein shows similar temperatures for three of the techniques but the unfolding followed by near-UV CD displays a T m four degrees lower (well beyond the experimental error) as previously reported (8, 9) . It should be noted that the near-UV CD and the absorbance curves are acquired simultaneously on the same sample and, therefore, their T m differences are most accurately determined. Thus, our data show that the loop is essential for the occurrence of the apoflavodoxin thermal intermediate, which can be explained in two contrasting scenarios. On the one hand, it could be that, when the entire protein is heated and destabilized, remaining interactions between the loop and the rest of the protein are strong enough to prevent a global unfolding at moderate temperatures, thus contributing to stabilize an intermediate conformation. Alternatively, the loop would stabilize the native conformation relative to the intermediate so that, upon moderate heating, a local unfolding confined to the loop would trigger the conversion of the native state into the intermediate. To clarify the matter, a detailed -analysis of the structure of the thermal intermediate has been independently performed by combining information from 30 apoflavodoxin single mutants. 2 This analysis indicates that the second scenario is correct; therefore, the initial native to intermediate unfolding transition observed in the full-length apoflavodoxins represents essentially the unfolding of the long loop. This is why the shortened variants do not populate an intermediate in the thermal unfolding.
The pH and ionic strength dependences of the thermal unfolding of the shortened apoflavodoxins have been investigated by DSC. A two-state model was used to fit the thermograms, which lead to ratios of the vant'Hoff and calorimetric enthalpies close to one. Additionally, a three-state analysis of the data was tentatively performed but it did not significantly improve the fits. Both the temperatures of mid-denaturation and the enthalpy changes obtained from the DSC data are similar to those derived from the spectroscopically monitored unfolding curves and indicate that the natively folded ⌬(120 -139) is slightly more stable and displays a higher enthalpy of denaturation than the ⌬(119 -139) variant. The heat capacity changes of the two shortened variants are nevertheless similar and reflect substantial burial of hydrophobic residues in their structures. Almost no pH dependence of T m and ⌬H was noticed from pH 6 to 8. In contrast, the ionic strength effects on T m are large. From ionic strength ϭ 7 mM to 1 M, the temperatures of mid-denaturation increase by 11-12°in the two shortened variants, the greatest effects taking place in the low ionic strength region (see Table III ). This behavior mimics the one observed in the wild type protein (12) , which is greatly stabilized by salts due both to a relief of electrostatic repulsions (flavodoxin is very acidic) and to the binding of cations. From data in Table  III , we estimate that the stability of the loop-lacking variants is increased in I ϭ 1 M by around 6 kJ mol Ϫ1 (relative to low ionic strength), which is similar to the effect observed in the wild type protein and suggests that the cation binding sites are retained in the short variants. 
The Folding Mechanism of the Shortened ⌬(120 -139) Apoflavodoxin: a Switch in Kinetic Mechanism Induced by the Long
Loop-The folding mechanism of the well folded shortened ⌬(120 -139) variant has been determined by global analysis of kinetic unfolding and refolding data at different urea concentrations. The model that fits the experimental data for ⌬(120 -139) shares with the one found for WT apoflavodoxin the involvement of three species in a triangular arrangement (Fig.  5A) . However, despite these similarities, the removal of the loop significantly modifies the folding mechanism and the properties of the species involved in the kinetic pathway. The transient intermediate that appears in the folding reaction of the wild type protein is essentially a kinetic trap (21) . In contrast, the folding of ⌬(120 -139) involves three species just because two interconverting native states are populated at low urea concentration ("native" only meaning they are significantly populated at a 0 M urea). From the microscopic rate constants obtained in the global fit (Fig. 5A) , the molar fraction of the two native states and of the unfolded state can be calculated as a function of urea concentration (see supplemental material). In the absence of denaturant, N 1 constitutes 76% of the molecules and N 2 constitutes the remaining 24%. Although the occurrence of two species in the absence of denaturant might seem to conflict with the reported two-state equilibrium urea unfolding of ⌬(120 -139), the fact is the two species look very similar. A two-state analysis of the urea dependence of each native species (calculated from kinetic data in . This is why a representation of the total fraction of the folded protein (N 1 plus N 2 ) as a function of urea concentration reproduces the observed equilibrium unfolding curve of ⌬(120 -139) (data not shown), which lends support to the global kinetic analysis. Indeed, the stability values calculated from the so-reconstructed equilibrium curve (⌬G ϭ Ϫ12.0 kJ mol Ϫ1 ) and from the experimental one (Table I) are the same within error.
The degree of hydrophobic surface exposure in the different species involved (the N 1 , N 2 , and D states plus the three intervening transition states) can be estimated from the urea dependence of the microscopic rate constants (m 1 in Fig. 5A ). The so-called ␣ parameter (29) provides a qualitative estimation of the relative compactness of the different states. If we take ␣ U ϭ 0 and ␣ N 1 ϭ 1, ␣ N 2 is calculated at 1.08 Ϯ 0.10, which means the two native states are similarly compact. As expected, the compactness of the transition states between the native species and the denatured state, ␣ DN1 ‡ and ␣ DN2 ‡ , are markedly reduced to 0.52 Ϯ 0.05 and 0.64 Ϯ 0.07, respectively. More intriguing is the compactness of the transition state connecting the two native states (␣ N1N2 ‡ ϭ 1.75 Ϯ 0.22), suggestive of a greater compaction than that in the native species. Although the reason for this is not clear, an analogous phenomenon of high compactness in the transition state between two similarly compact species (N and I) was observed for the wild type protein and a possible explanation was offered (21) .
The very similar fluorescence and compactness of N 1 and N 2 support a truly native character of the minor native species but do not offer clues on the differences between the states. It is clear that they are not related to the presence of associated monomers in the solution, because our exclusion chromatography experiments indicate the protein remains monomeric at least up to 200 M, well above the concentration used in the kinetic experiments. The native species seem to be simply two slow, interconverting conformations of similar fluorescence.
One possibility is that they are local alternative conformations at the region that has been spliced in order to delete the loop. If this were the case, the kinetic intermediate that complicates the folding reaction of the full-length wild type protein would have simply disappeared after loop removal. In any case, it is clear that the occurrence of the wild type apoflavodoxin-folding intermediate is strongly related to the presence of the 120 -139 loop.
On the other hand, the speed of protein folding reactions seems related to the complexity of the specific native topologies. In this respect, the length of loops has been shown to correlate with observed protein folding rates (30 -33) and usually longer loops give rise to slower reactions. Somewhat unexpectedly, a simple comparison of the ⌬(120 -139) and wild type (21) unfolding data indicates that the observed folding rate (D 3 N) of wild type apoflavodoxin is one order of magnitude larger than that of the most populated native state of ⌬(120 -139) (10.4 versus 0.91 s Ϫ1 ). Although small differences in buffer composition (50 mM MOPS, pH 7.0, I ϭ 17 for the wild type protein and 5 mM sodium phosphate, pH 7.0, I ϭ 9 mM for ⌬(120 -139)) could contribute to the effect, the faster folding of the full-length protein suggests that the long loop stabilizes the transition state by lowering its enthalpy and that this effect overcomes the expected entropic destabilization associated with the presence of the long loop. Anyhow, the different folding mechanisms followed by the wild type protein and the ⌬(120 -139) variant exemplifies the kinetic plasticity of proteins that can switch to alternative folding mechanisms under mild or even extreme sequence alterations, as it has been previously illustrated by the folding of protein permutants (34, 35) .
CONCLUSIONS
The long loop characteristic of long-chain flavodoxins influences the equilibrium folding behavior of the apoprotein. It determines the occurrence of an equilibrium intermediate in the thermal unfolding because, at moderate temperatures, the loop becomes unfolded unlike the rest of the protein. In addition, the loop is related to the accumulation of a transient intermediate in the apoflavodoxin-folding pathway. However, despite these complicating effects, the loop hardly contributes to the conformational stability of the apoprotein. The facts that the shortened apoflavodoxin can adopt a native structure and that its stability is very similar to that of the full-length protein strongly suggest that the loop is a peripheral element from both the structural and energetic points of view and support our proposal that the loop may instead play a role in flavodoxin partner recognition (36) .
